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Crest-derived glomus cells of the carotid body (CB) are O2-sensitive chemoreceptors, which resemble sympathoadrenal
(SA) chromaf®n cells. In this study, we tested whether perinatal rat glomus cells are sensitive to basic ®broblast growth
factor (bFGF) in vitro and whether their sensitivity is regulated by oxygen. In chemically de®ned medium, bFGF (1±100
ng/ml) caused a signi®cant, dose-dependent increase in the number of surviving tyrosine hydroxylase-positive (TH/) glomus
cells in embryonic (E17±E19) CB cultures, following a 48-hr exposure. Though basic FGF (10 ng/ml) appeared mitogenic
for these cells, based on stimulation of bromodeoxyuridine (BrdU) uptake, it supported survival of only 60% of the initial
TH/ population, suggesting that signi®cant cell death was occurring. This apparent cell loss in E17 cultures could be
largely prevented by combined treatment with bFGF and low oxygen (6% O2). In contrast, in early postnatal (P1) cultures,
glomus cell number was relatively unchanged over 48 hr under control conditions or in presence of mitogenic activity
from either bFGF or low oxygen. However, combined treatment with both bFGF and low oxygen stimulated proliferation
of P1 glomus cells such that by 48 hr the TH/ population had increased to 1.51 the initial density. Basic FGF (10 ng/
ml) also stimulated neurite outgrowth and neuro®lament expression in E18±E19, but not P1±P3, glomus cells. In contrast
to bFGF, treatment with nerve growth factor was ineffective. Taken together, these results suggest that bFGF and low
oxygen are mitogens for perinatal CB chromaf®n cells and interact cooperatively as survival factors. It is plausible that
these mechanisms may operate to regulate chemoreceptor cell density, during the animal's transition from in utero
(hypoxic) to ex utero (normoxic) life. q 1997 Academic Press
INTRODUCTION 1975). This is likely related to their function as blood oxy-
gen chemoreceptors, which release catecholamines in a cal-
cium-dependent manner following exposure to low oxygenThe neural crest of the vertebrate embryo is a transient
or hypoxemia (Fishman et al., 1985; Gonzalez et al., 1994).embryonic structure that gives rise to a diverse array of cell
In contrast to their well-characterized SA derivativestypes, including members of the sympathoadrenal lineage
(Doupe et al., 1985a,b; Lillien and Claude, 1985; Stemple(Le Douarin, 1982; Patterson, 1990; Anderson, 1993). The
et al., 1988; Claude et al., 1988; Anderson, 1993; Frodin andbest-characterized members, i.e., adrenal medullary (AM)
Gammeltoft, 1994), the role of polypeptide growth factors,chromaf®n cells, sympathetic neurons, and small intensely
e.g., nerve growth factor (NGF) and ®broblast growth factors¯uorescent (SIF) cells (Doupe et al., 1985a,b), are all thought
(FGFs), in the control of mitosis, survival, and neuronalto derive from a common progenitor, the sympathoadrenal
differentiation of glomus cells during early development isor SA progenitor (Patterson, 1990; Anderson, 1993). A fourth
poorly understood. For example, though anti-NGF antibod-member, carotid body (CB) chromaf®n cells, commonly
ies in utero and early postnatal life have been reported toknown as glomus or type 1 cells, has been less well studied,
perturb the development of glomus cells (Aloe and Levi-though phenotypically they resemble SIF and AM chromaf-
Montalcini, 1980), both late-fetal and neonatal glomus cells®n cells (Kobayashi, 1971; McDonald and Mitchell, 1975;
survive in vitro in the absence of exogenous NGF, as well asDoupe et al., 1985a,b; Nurse, 1990) and also appear to be of
in the presence of anti-NGF (Fishman and Schaffner, 1984;neural crest origin (Pearse et al., 1973). Glomus cells are
Nurse, 1987, 1990). Moreover, unlike the case for AM chro-innervated by sensory (petrosal) axons and are found in close
association with the vasculature (McDonald and Mitchell, maf®n and SIF cells (Doupe et al., 1985a,b), NGF failed to
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(see below) to the tissue to inactivate any residual enzyme. Carotidstimulate neurite outgrowth from neonatal glomus cells or
bodies were individually teased with forceps, triturated with ato induce expression of other neuronal markers, including
Pasteur pipet, and then plated into collagen-coated central wellsneuro®lament and GAP-43 (Jackson and Nurse, 1995).
of modi®ed 35-mm culture dishes (see Nurse, 1990). Typically,In the present study, we investigated the potential role
dissociated cells from 2 litters (20±30 pups) were plated into nineof bFGF in glomus cell proliferation and differentiation in
dishes. During each experimental series attempts were made to
vitro. Basic FGF is widely distributed in embryonic nerves ensure that ``sister'' cultures were plated at similar initial densities.
and mesodermal tissues (Gospodarowicz et al., 1986; Gon- The basal growth medium for the ®rst 24 hr in vitro consisted
zalez et al., 1990) and has previously been shown to promote of F-12 nutrient medium, supplemented with 80 U/liter insulin
mitogenesis, survival, and differentiation of neural crest de- (Sigma, St. Louis, MO), 10% fetal bovine serum (Gibco, Grand Is-
land, NY), 0.6% glucose, 2 mM L-glutamine, and 1% penicillin±rivatives (see Anderson, 1993). In addition, since glomus
streptomycin. In almost all experiments in the present study, thiscells function as O2 chemoreceptors, we investigated the
medium was removed after 24 hr and replaced by serum-free, chem-effects of oxygen tension in both the absence and presence
ically de®ned medium, with or without basic ®broblast growthof bFGF. This appeared of particular interest since low oxy-
factor (bFGF; Gibco) for an additional 48 hr. The composition ofgen stimulates glomus cell mitosis in the rat carotid body
the chemically de®ned medium was as follows: 50% F-12 nutrientin vivo (Bee et al., 1986) and has been reported to augment
medium, 50% Dulbecco's minimal essential medium (DMEM), in-
bFGF-induced proliferation in other cell types in vitro, in- sulin (5 mg/ml), glucose (6 g/liter), transferrin (5 mg/ml), putrescine
cluding retinal pigment epithelial cells (Khaliq et al., 1996) (100 mM ), selenous acid (30 nM ), bovine serum albumin (BSA; 100
and vascular endothelial cells (see Kuwabara et al., 1995), mg/ml), progesterone (20 nM ), and 1% penicillin±streptomycin. Ba-
apparently by upregulating bFGF receptor expression. Fur- sic FGF was prepared as a stock solution (100 mg/ml) in chemically
de®ned growth medium, before dilution to the desired ®nal concen-ther, low oxygen increases cAMP levels selectively in glo-
tration. In a few experiments, nerve growth factor (NGF; a gift frommus cells in vivo (Wang et al., 1991), and this second mes-
Dr. J. Diamond and M. Holmes) was used at a ®nal concentrationsenger is known to collaborate with growth factors, includ-
of 100 ng/ml.ing bFGF, in stimulating mitogenesis in other crest-derived
Cultures were usually grown in normal oxygen (20% O2):5%cells, e.g., Schwann cells (Davis and Stroobant, 1990; Stew-
CO2 at 377C in a Forma Scienti®c Automatic CO2 incubator, in aart et al., 1991). To eliminate complications in analysis,
humidi®ed atmosphere. To test the effects of low oxygen, some
arising from the presence of ill-de®ned growth factors in cultures were placed in a 377C Forma Scienti®c Automatic O2/CO2
serum, assays in the present study were carried out in se- incubator in 6% O2:5% CO2 at the time of initial plating. In some
rum-free medium. Our results point to both bFGF and low experiments, cultures in low oxygen were also exposed to bFGF
oxygen (hypoxia) as key regulators of glomus cell mitosis (10 ng/ml), 24 hr after plating.
and survival in vitro.
Immunocytochemical Staining
The procedures for staining carotid body cultures for TH and
neuro®lament (NF) immunoreactivity are described in detail else-MATERIALS AND METHODS
where (Nurse, 1990; Jackson and Nurse, 1995). Before staining for
bromodeoxyuridine (BrdU), cultures were incubated for 24 hr in
For embryonic cultures, carotid bodies were ®rst dissected from medium containing 10 mM BrdU (see Nurse and Vollmer, 1993;
Embryonic Day E17±E19 rat fetuses, obtained from pregnant moth- Frodin and Gammeltoft, 1994). They were ®xed in absolute metha-
ers. Routinely, timed-pregnant Wistar rats with fetuses at gestation nol at 47C for 10 min and treated with 0.1 M glycine for 5 min at
age E15 were received from Charles River (Quebec) and housed in room temperature. Following 31 3-min rinses with 0.1 M phos-
our animal facility under a constant light±dark cycle, according to phate buffer, the cultures were exposed to 2 N HCl for 10 min at
the guidelines of the Canadian Council on Animal Care (CCAC). 377C to denature the DNA. The acid was then neutralized during
The day of breeding was considered as E0, and when allowed to 21 5-min treatments with 0.1 M sodium borate at pH 8.5 and the
reach term, pups were routinely born between 10 AM and 4 PM on cultures were washed 31 (3 min each) with phosphate buffer before
E22. The crown-to-rump length of the majority of E17±E19 fetuses a 1-hr exposure at 377C to a mixture of rabbit anti-TH antiserum
used in this study ranged from 17 to 23 mm. The fetuses were (1:1000; Nurse, 1990) and mouse anti-BrdU monoclonal antibody
delivered by cesarean section, after the mother was ®rst anesthe- (6 mg/ml; Boehringer-Mannheim). After three rinses in phosphate
tized via somnothane inhalation and then killed by cervical disloca- buffer, the cultures were incubated for 30 min at room temperature
tion. For postnatal (P1±P3) cultures, carotid bodies were obtained in a buffered solution (see Jackson and Nurse, 1995) containing
from newborn rat pups as previously described (Nurse, 1987, 1990). Texas red-conjugated goat anti-mouse IgG (1:400) and FITC-conju-
gated goat anti-rabbit IgG (1:50). The immunostained cultures were
visualized and scored with the aid of a Zeiss inverted-phase contrast
Cell Culture microscope equipped with epi-illumination plus rhodamine and
¯uorescein ®lter sets. In control experiments, cultures, processedCarotid bifurcations were excised bilaterally and stored in plat-
with only the primary antiserum omitted, did not produce detect-ing medium as previously described (Nurse, 1987, 1990). Individual
able staining above background with either the FITC- or Texas red-carotid bodies were dissected free from surrounding tissue, pooled,
conjugated secondary antibody.and then incubated for 20 min in Ca±Mg-free Hanks' BSS con-
taining 0.1% collagenase, 0.1% trypsin (Gibco), 0.01% deoxyribo-
Cell Death Assaynuclease (Boehringer-Mannheim, Montreal, PQ), and 1% penicil-
lin±streptomycin (Gibco). Most of the enzyme solution was care- To test whether overt cell death occurred, a few embryonic and
postnatal cultures, grown without growth factor supplement, werefully removed before adding a few drops of basal growth medium
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stained with 0.1% trypan blue or with the terminal deoxynucleoti- Basic FGF Stimulates BrdU Incorporation in
dyltransferase-mediated UTP end-labeling (TUNEL) assay for apo- Cultured Fetal Glomus Cells
ptotic cell death. For the latter, the peroxidase-based ApopTag kit
The ability of bFGF to support a larger surviving popula-(Oncor; Cat. No. S7100) was used according to the manufacturer's
speci®cations. Staining with both procedures was done on 2-day- tion of glomus cells, relative to untreated controls (Figs. 2
old cultures, i.e., after 24 hr in chemically de®ned medium. and 3A), could be due to its mitogenic activity and/or its
ability to regulate cell death. To test whether bFGF stimu-
lated DNA synthesis in glomus cells, we used double-label
immuno¯uorescence to quantify the proportion of TH/RESULTS
cells which incorporated the thymidine analog, BrdU, dur-
ing a 24-hr pulse (e.g., Figs. 1c and 1d; see Materials andIn carotid body cultures, glomus cells are most easily
Methods). As shown in Fig. 3B, bFGF caused a dose-depen-recognized in clusters of typically 3±30 cells (Fishman and
dent increase in the proportion of double-labeled (TH/,Schaffner, 1984; Nurse, 1987, 1990). These clusters can be
BrdU/) cells relative to the total TH/ population; the effectidenti®ed soon after plating and likely result from incom-
appeared to peak over a bFGF concentration range of 5±10plete dissociation of the glomoid tissue, which in vivo con-
ng/ml, where 40% of glomus cells took up BrdU. Thus, asists of many scattered groups of glomus cells in association
substantial fraction of glomus cells was stimulated to enterwith a dense capillary network (McDonald and Mitchell,
the DNA synthetic phase of the cell cycle, during the ®nal1975). Since background cells (mainly ®broblasts and sus-
24 hr in culture. The low degree (10%) of BrdU uptake bytentacular cells) proliferated in these cultures, positive im-
glomus cells grown in chemically de®ned medium, withoutmunostaining for TH was used to aid identi®cation and
bFGF (Fig. 3B), could be due to the in¯uence of other mitoticquanti®cation of glomus cells (see Figs. 1a, 1b, 1c, and 1e).
agents present during (e.g., insulin), or prior to, bFGF expo-The sensitivity of embryonic glomus cells to antimitotic
sure (see Frodin and Gammeltoft, 1994). Though serum wasagents (Fishman and Schaffner, 1984) precluded their use
removed after the ®rst 24 hr, residual mitogenic effectsfor eliminating background cells.
might persist after transfer to serum-free medium. An ex-
ample illustrating both TH/ and BrdU/ cells in the same
Basic FGF Increases Number of Surviving Fetal cluster, grown in the presence of bFGF, is shown in Figs.
TH/ Glomus Cells in Vitro 1c and 1d.
In general, embryonic E17±E19 CB cultures treated for
1±3 days with bFGF (10 ng/ml) appeared healthier than con- Basic FGF and Hypoxia Collaborate to Enhance
trols or those treated with NGF (100 ng/ml). There was a Survival of Fetal Glomus Cells
suggestion that cell death was occurring in control (and
NGF-treated) cultures, where cells with a ``necrotic'' ap- Though bFGF stimulated DNA synthesis and enhanced
survival in fetal glomus cells (Figs. 2 and 3), it was not clearpearance were frequently seen scattered within glomus cell
clusters, when viewed under phase-contrast microscopy whether it caused proliferation of the original population
or simply altered the course of cell death. We therefore com-(not shown). In chemically de®ned medium, bFGF (10 ng/
ml) supported the survival of approximately twice the num- pared in sister cultures the number of surviving TH/ cells
after 48 hr in bFGF (10 ng/ml) with that initially present atber of TH/ glomus cells relative to untreated controls, after
48 hr exposure. Comparison of sister cultures from three the beginning of the treatment, i.e., at 24 hr in vitro. In
addition, since glomus cells are oxygen-sensitive chemore-separate platings revealed that the mean ({SEM) number of
surviving TH/ cells was 1154{ 71 (n 9) in the presence of ceptors (Gonzalez et al., 1994) and were in effect removed
from a low-oxygen, in utero environment to a normoxic onebFGF, compared to 569{ 17 (n 9) in its absence (difference
being signi®cant; P  0.01). The surviving glomus popula- in vitro, we wondered whether survival might be in¯uenced
by growth in the continuous presence of low oxygen.tion included single cells, doublets, and small, medium,
and large clusters (e.g., Fig. 1a). A comparison of cluster As shown in Fig. 4A, the surviving TH/ population was
only 30% of the initial density, after 48 hr in normoxiafrequency versus size (re¯ected by the number of TH/ cells)
is illustrated in Fig. 2, for pairs of sister cultures plated (Nox; 20% O2) and chemically de®ned media, without
growth factor (bFGF) supplement. Though growth in bFGFinitially at similar densities and grown with (open bars) or
without (solid bars) 10 ng/ml bFGF. In general, clusters of a or hypoxia (Hox; 6% O2) alone supported survival of a larger
population (60±65%), the number of surviving cells wasgiven size tended to occur more frequently in bFGF-treated
cultures, which also contained the largest clusters of 45 still lower than the initial density, suggesting that signi®-
cant cell death was occurring. Dramatically, however, com-TH/ cells (see Fig. 1a). Also, TH/ singles and doublets were
observed more frequently in bFGF-treated cultures. bined treatment with both hypoxia and bFGF supported
almost 100% survival of E17 glomus cells (Fig. 4A, openThe effect of bFGF on survival was dose dependent. As
illustrated in Fig. 3A, there was a progressive increase in square). Thus, it appears that hypoxia and bFGF collaborate
to enhance survival of fetal glomus cells, probably by regu-number of surviving TH/ cells over the concentration range
0.1±5 ng/ml bFGF; this response appeared to saturate at lating cell death. A comparison of the effects of O2 tension
and bFGF, separately and in combination, on BrdU uptakedoses between 5 and 10 ng/ml bFGF.
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FIG. 1. Immuno¯uorescence labeling of cultured glomus cells from embryonic and postnatal rat carotid bodies grown with or without
growth factors. (a) Tyrosine hydroxylase (TH) immunostaining (¯uorescein ®lter) of a large glomus cell cluster in a culture of E19 carotid
bodies after 72 hr in vitro; culture was treated with 10 ng/ml bFGF during the ®nal 48 hr. (b) TH immunostaining of a glomus cell cluster
in a culture derived from 1-week-old postnatal pups and grown in serum-supplemented medium. Arrow indicates a glomus cell in anaphase,
where the two nuclear compartments (dark) are separated by TH-cytoplasmic ¯uorescence. (c, d) The same glomus cell cluster from an
E19 carotid body culture stained for both TH (¯uorescein) and BrdU (Texas red) immuno¯uorescence, respectively. The culture was treated
with 10 ng/ml bFGF during the ®nal 48 hr and BrdU was present during the ®nal 24 hr; culture was 72 hr old. Arrows indicate the (BrdU/)
nucleus in the same cells in each micrograph. (e, f). The same glomus cell cluster from an E19 carotid body culture stained for both TH
(¯uorescein) and 68-kDa neuro®lament (Texas red) immuno¯uorescence, respectively. Culture was treated with 10 ng/ml bFGF during
the ®nal 72 hr; culture was 96 hr old. In each micrograph the arrow indicates the cytoplasmic region of the same cell that was both TH/
(green ¯uorescence) and NF/ (red ¯uorescence). Scale bar represents 20 mm in a, c, d, e, and f; 17 mm in b.
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onic cultures (Fig. 4A), where similar treatments failed to
prevent cell loss relative to the initial density. However, as
for embryonic cultures, combined treatment with both
bFGF and hypoxia had a cooperative effect on survival of
postnatal cells. In fact, as shown in Fig. 4B (open square),
this combined treatment resulted in glomus cell prolifera-
tion at 48 hr, since the surviving TH/ population exceeded
the initial density by 1.51.
Though neither bFGF nor hypoxia, acting alone, en-
hanced survival of postnatal glomus cells (Fig. 4B), both
agents stimulated DNA synthesis, as revealed by a signi®-
cant (P  0.01) increase in BrdU incorporation relative to
(normoxic) controls (Fig. 4C). In addition, combined treat-
ment with bFGF and hypoxia produced a slight but signi®-
cant (P  0.05) increase in BrdU uptake relative to hypoxia
alone.
Evidence for Mitosis and Cell Death in Normoxic
Cultures
The presence of substantial BrdU incorporation by glo-FIG. 2. Effect of bFGF on frequency of glomus cell clusters and
mus cells in both fetal and postnatal cultures, without acluster size in fetal carotid body cultures. Cluster size in each bin
is represented on the abscissa by the number of TH/ cells shown corresponding increase in cell survival, suggests that glo-
({1). The ordinate indicates the number of clusters (of a particular mus cell mitoses and death may be present concurrently in
size) counted in a pair of control cultures (solid bars) and a pair of these cultures. Direct evidence for glomus cell mitoses was
``sister'' cultures plated at a similar initial density, but grown for obtained over the course of these studies. First, we were
48 hr in the presence of 10 ng/ml bFGF (open bars). Note that fortunate to capture the rare case of a single TH/ glomus
clusters45 TH/ cells were present only in bFGF-treated cultures.
cell in anaphase (see arrow, Fig. 1b), the stage of the cell
cycle where the chromosomes separate into two equal
groups. Second, in a few cases we have followed single pre-
sumptive glomus cells as they undergo division into twois shown in Fig. 4C. For E17 cultures, bFGF and hypoxia
daughter cells. It was subsequently con®rmed, after ®xa-signi®cantly (P  0.01) stimulated BrdU uptake in glomus
tion, that each daughter cell was immunopositive for bothcells; in addition, combined treatment with both bFGF and
TH and BrdU (not shown). Third, TH//BrdU/ doublets,hypoxia on BrdU uptake was signi®cantly (P 0.01) greater
where the cells are distinctly separated but appear con-than that of either alone.
nected by an adjoining process, have been commonly ob-
served in postnatal cultures (Nurse and Vollmer, 1993).
Effects of bFGF and O2 Tension on Postnatal During the present study, we sought evidence for cell
Glomus Cells death, in both fetal and postnatal cultures, after growth
(without bFGF) in chemically de®ned medium for 24 hr. InTo test whether transition of the animal from a low-oxy-
two cultures treated with trypan blue, occasional stainedgen, in utero environment to a normoxic ex utero one al-
cells were found within glomus cell clusters, as well astered growth factor responsiveness, postnatal (P1±P3) glo-
stained single cells and doublets with the morphology ofmus cells were investigated. In contrast to embryonic E17±
glomus cells (not shown). Most interestingly, in each of ®veE19 cultures, where bFGF signi®cantly enhanced survival
other cultures processed for apoptotic cell death with theeven under normoxic conditions (Figs. 2 and 3A), in postna-
TUNEL method (see Materials and Methods), occasionaltal cultures the number of surviving TH/ cells after 48 hr
positively stained cells occurred in glomus clusters and alsoin chemically de®ned medium was unaffected by bFGF
among singles and doublets. An example of a few apoptotictreatment. Comparison of sister cultures plated at similar
cells near the periphery of (and within) a glomus cluster isinitial densities in three separate experimental series re-
shown in Figs. 5a and 5b for a P1 culture after 48 hr in vitro.vealed that the mean ({SEM) number of surviving TH/ cells
In control experiments (n  2), no staining was observed inwas 476 { 36 (n  9) in controls versus 447 { 73 (n  9) in
cultures processed similarly except for the omission of thecultures with bFGF (10 ng/ml). Further, as shown in Fig.
terminal deoxynucleotidyltransferase enzyme (not shown).4B, the number of surviving TH/ cells at 48 hr was similar
From these preliminary studies, it appears that glomus cellsto the initial density, whether cultures were grown in nor-
may undergo apoptotic cell death in both fetal and postnatalmoxia (minus bFGF), in normoxia plus bFGF, or in hypoxia
throughout. These results contrast with those from embry- cultures.
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FIG. 3. (A) Dose±response curve illustrating the effect of bFGF on the number of surviving fetal glomus cells in culture. The concentration
of bFGF is plotted on a logarithmic scale on the abscissa; bFGF was added at the ®rst feeding, i.e., after 24 hr in vitro, in serum-free,
chemically de®ned medium. The ordinate indicates the number of TH/ glomus cells surviving after 48 hr exposure to bFGF at the
indicated concentration. Cultures were plated at similar initial densities. (B) Dose-dependent stimulation of BrdU incorporation in fetal
glomus cells by bFGF in culture. Basic FGF, over the concentration 0.1±100 ng/ml (abscissa) and in serum-free medium, increases the
proportion of TH/ glomus cells that also show positive nuclear staining for BrdU immunoreactivity (ordinate). Double-labeled glomus
cells were identi®ed by the presence of cytoplasmic TH staining (green ¯uorescence) and nuclear BrdU staining (red ¯uorescence) as
described under Materials and Methods. BrdU was present during the ®nal 24 hr. At saturating bFGF concentrations (5±100 ng/ml) 35%
of the total TH/ glomus cell population was also BrdU/. Bars at each concentration represent means { SEM, obtained from samples of
two to three cultures.
Basic FGF Stimulates Neuronal Differentiation in ter immunostained for both TH (¯uorescein label) and 68-
kDa NF (Texas red label) is shown in Figs. 1e and 1f, respec-Fetal, but Not Postnatal, Glomus Cells
tively. A few NF-positive processes are evident in Fig. 1f.Basic FGF also promoted neuronal differentiation in fetal
In general, NF staining was more intense in the cell bodies,(E18±E19) glomus cells during 48±72 hr exposure in vitro.
compared to the fainter staining in processes, especially theThough neuritic processes were evident under phase-con-
more distal regions.trast microscopy, the presence of background cells made
In contrast to embryonic cultures (Figs. 1e and 1f; Fig. 6),quanti®cation of process length dif®cult in living cultures.
bFGF did not promote neuronal differentiation in P1±P3However, this property could be assessed after staining for
cultures. Following staining for TH/ immunoreactivity, noTH immunoreactivity. As shown in Fig. 6, the lengths and
processes 24 mm in length were found in any of the cul-number of TH/ processes were signi®cantly enhanced in
tures (n 15). Further, after 3 days exposure to bFGF, neuro-the presence of bFGF. In control cultures (n 21), only a few
®lament staining (68-kDa NF) was not detectable in any ofprocesses were present and with lengths rarely exceeding 50
the cultures tested (n  3).
mm, whereas in sister cultures treated with bFGF (10 ng/
ml) there were many more processes, the majority of which
exceeded 50 mm. Lack of NGF Responsiveness in Fetal Glomus Cells
Another independent test for neuronal differentiation was
carried out by staining the cultures for neuro®lament im- In contrast to bFGF, NGF (100 ng/ml) had no effect on
the survival of TH/ glomus cells derived from E18±E19munoreactivity (NF 68 or NF 160 kDa; see Materials and
Methods). Examination of 1000 TH/ cells in 4-day-old embryos or on the proportion of glomus cells that took up
BrdU. Comparison of sister cultures, grown in chemicallycontrol cultures revealed that none of them was positive
for 68-kDa NF. In contrast, in 4 day-old cultures exposed de®ned medium, revealed that the mean number ({SEM)
of TH/ cells was 539 { 30 (n  3) in control vs 569 { 30to 10 ng/ml bFGF for the ®nal 72 hr in chemically de®ned
medium, 21% (95 of 476) of TH/ cells were also positive (n  3) in NGF-treated cultures. Similar results were ob-
tained in serum-supplemented media. For example, in sevenfor 68-kDa NF, and 19% (130 of 682) of TH/ cells were
positive for 160-kDa NF. An example of a glomus cell clus- separate platings the mean ratio ({SEM) of surviving TH/
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cells in NGF-treated relative to control sister cultures was
0.94 { 0.01 after 48 hr of treatment. These results are in
general agreement with an earlier report in the rat that NGF
does not in¯uence the survival of late fetal glomus cells in
culture (Fishman and Schaffner, 1984).
In addition, NGF (100 ng/ml) failed to induce neurite out-
growth or neuro®lament expression in fetal (E18±E19) ca-
rotid body cultures (see also Fishman and Schaffner, 1984),
in contrast to bFGF treatment (Figs. 1e and 1f; see above).
Previous studies in this laboratory showed that NGF was
also ineffective in promoting neuronal differentiation in
postnatal glomus cells, though this property could be in-
duced by agents that elevate intracellular cyclic AMP (Jack-
son and Nurse, 1995). It still remains to be determined,
however, whether NGF responsiveness could be induced in
glomus cells after prior exposure to bFGF, as previously
reported for normal and immortalized adrenal-derived SA
progenitors (Stemple et al., 1988; Anderson, 1992).
DISCUSSION
The main ®nding in this study is that basic FGF and low
oxygen can act as mitogens for perinatal glomus cells of the
rat carotid body and that these two agents can collaborate
to increase DNA synthesis and survival of glomus cells in
vitro. In both embryonic (E17±E19) and early postnatal (P1)
cultures, grown in chemically de®ned medium, bFGF (10
ng/ml) and hypoxia (6% O2), acting alone, stimulated DNA
synthesis as determined by a marked increase in the per-
centage of TH/ cells that took up the thymidine analog
BrdU. Despite this mitogenic action, glomus cell number
only exceeded the initial plating density in postnatal cul-
FIG. 4. Effects of bFGF and hypoxia, alone and in combination,
on survival and DNA synthesis in cultured glomus cells of perinatal
rat carotid body (CB). In A (E17) and B (P1), the number of TH/
glomus cells surviving after 48 hr in chemically de®ned medium
is expressed as a percentage of the number present in ``sister'' cul-
tures at Time 0 hr and plated at similar densities. Time 0 hr corre-
sponds to the time of ®rst feeding with chemically de®ned medium,
i.e., 24 hr after initial culture. Data points in A and B represent
means { SEM of three to nine cultures from four separate platings.
Normoxic (Nox) and hypoxic (Hox) cultures were grown in 20 and
6% O2, respectively, in the presence or absence of 10 ng/ml bFGF
as indicated. Note cooperative action of bFGF and hypoxia on cell
survival. In C, the number of TH//BrdU/ cells is expressed as a
percentage of the total TH/ population for E17 and P1 cells. A pulse
of BrdU was added to each dish during the ®nal 24 hr in de®ned
medium, before cultures were ®xed and processed for double-label
immuno¯uorescence. TH and BrdU were visualized with a ¯uo-
rescein and Texas red-conjugated secondary antibody, respectively.
Data are expressed as means { SEM for a sample of three to nine
cultures. Note bFGF and hypoxia, acting alone, signi®cantly (P 
0.01; 2*) stimulated DNA synthesis in glomus cells relative to
normoxic controls. Also, combined treatment with both bFGF and
hypoxia signi®cantly stimulated DNA synthesis relative to hyp-
oxia alone, in both E17 (P 0.01; 4*) and P1 (P 0.05; 3*) cultures.
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FIG. 5. Evidence for ``apoptosis'' in neonatal rat carotid body cultures. Corresponding phase (a) and bright ®eld (b) micrographs of the
same microscopic ®eld in a 2-day-old culture, processed by the TUNEL method, using a peroxidase-based ApopTag kit. The plane of focus
is slightly different in the two micrographs. In (b), note the four ``apoptotic'' nuclei in cells located near the periphery of a large cluster
of glomus cells; of these, the two adjacent ones (arrow) appear to be within the cluster. Positively stained nuclei were not observed when
the terminal deoxynucleotidyltransferase enzyme (see Materials and Methods) was excluded from the staining solution. Bar in (a) represents
20 mm.
tures, exposed simultaneously to both bFGF and hypoxia. 1991). Perhaps hypoxia, which is known to cause cAMP
elevation in glomus cells (Wang et al., 1991), plays an analo-In embryonic cultures, bFGF signi®cantly increased sur-
vival but the effect appeared to be due mainly to a modula- gous role in upregulating bFGF receptors in these cells. In
this regard it is noteworthy that hypoxia upregulates expres-tion of cell death, since in normal oxygen only 60% of
the initial population survived exposure to 10 ng/ml bFGF sion of bFGF receptors in other cell types, including retina
pigment epithelial cells (Khaliq et al., 1996) and vascularat 48 hr. We cannot formally exclude the possibility of two
separate populations of glomus cells with different bFGF endothelial cells (see Kuwabara et al., 1995).
Our ®nding that bFGF and hypoxia collaborate to increasesensitivities and present in different proportions at E17 and
P1, nor can we exclude a potential involvement of other DNA synthesis and survival of glomus cells is of interest
and likely to have physiological signi®cance. These cellsgrowth factors in the mediation of bFGF responses in these
cultures. Though the effects of bFGF were tested in chemi- are the prototypic oxygen chemoreceptors in mammals and
respond to low oxygen by increasing action potential fre-cally de®ned medium, the cultures were not pure with re-
spect to glomus cells and contained varying numbers of quency and secreting catecholamines (see Gonzalez et al.,
1994). In addition, chronic hypoxia in vivo is known tobackground cells, including ®broblasts and glial-like (sus-
tentacular) cells. The latter could well secrete neurotrophic increase mitosis and cause hyperplasia in glomus cells
(Dhillon et al., 1984; Bee et al., 1986), which contribute tofactors, such as glial cell-line derived neurotrophic factor
or GDNF, which is known to be a potent neurotrophic fac- carotid body hypertrophy. Because of the low-oxygen ten-
sion in the fetal circulation (see Dawes et al., 1969), it wouldtor for central dopaminergic neurons (Lin et al., 1993). The
fact that in our cultures some dopaminergic glomus cells appear that glomus cells are normally exposed to a low
arterial PO2 during late embryonic development. It remainssurvived even in the absence of exogenous bFGF raises the
possibility that some trophic support may also have been to be determined whether these hypoxemic conditions in
utero combine with local or circulating bFGF to regulateprovided by the background cells present in the culture.
The ability of bFGF to act as a mitogen, but not as a glomus cell proliferation, chemoreceptor number, and ca-
rotid body size during normal development. The carotidsurvival factor, has been observed in other crest-derived
cells including sympathoadrenal (Claude et al., 1988; An- body is reputed to be the most highly vascularized structure
in the body (McDonald and Mitchell, 1975), and bFGF is aderson, 1993) and postnatal Schwann cells. In the latter,
optimal response to bFGF as a survival factor requires coad- potent angiogenic factor (Gospodarowicz et al., 1986) con-
centrated in various tissues, including embryonic nervesministration of other growth factors or agents which upreg-
ulate FGF receptor expression, through elevation of intra- and basement membranes (Gonzalez et al., 1990). Thus, it
would not be surprising if local concentrations of bFGF werecellular cAMP (Davis and Stroobant, 1990; Stewart et al.,
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neuro®lament protein (NF 68 and 160 kDa). These re-
sponses are reminiscent of those displayed by other cultured
sympathoadrenal cells, including adrenal medullary chro-
maf®n cells (Claude et al., 1988; Stemple et al., 1988), PC
12 cells (e.g., Rydel and Green, 1987), and the immortalized
sympathoadrenal progenitor or MAH cells (Birren and An-
derson, 1990). Further, we recently showed that bFGF also
promotes development of ionic (Na/ and K/) currents and
cell body maturation in fetal (E18±E19) glomus cells (Zhong
and Nurse, 1995), as occurs in PC 12 cells. Despite the
similarities between glomus cells and sympathoadrenal de-
rivatives, the failure of the former to respond to NGF is
noteworthy. In a previous study on slightly older rat fetuses,
NGF also had no obvious effect on cell division or morphol-
ogy of cultured glomus cells (Fishman and Schaffner, 1984).
These results contrast with those of Aloe and Levi-Montal-
cini (1980) indicating that a combination of injections of
anti-NGF antibodies, in utero and postnatally, led to dimin-
ished glomus tissue in the rat carotid body. It is conceivable
that in the latter study the antibodies used may have cross-
reacted with other neurotrophins that possess mitogenic
FIG. 6. Basic FGF stimulates neurite outgrowth from fetal glomus activity (see Murphy et al., 1993) or that NGF sensitivity
cells in culture. Histogram shows the frequency of occurrence of of glomus cells occurs at earlier developmental stages than
immunostained TH/ processes of lengths (mm) indicated on ab- those studied here. These possibilities, however, remain to
scissa, in cultures grown with (cross-hatched bars) or without (open
be tested. Finally, of relevance to the general problem ofbars; control) 10 ng/ml bFGF. Measurements were obtained during
control of cell fate in the sympathoadrenal system, it willrandom sampling of 21 control cultures and 22 cultures treated
be of interest to know whether bFGF can induce NGF recep-with bFGF. All cultures were 72 hr old at the time of ®xation,
tors and confer NGF dependence on embryonic glomusprior to TH immunostaining; in the bFGF-treated group, bFGF was
present during the ®nal 48 hr. All cultures were grown in serum- cells, as occurs in other members of this lineage (Anderson,
free, chemically de®ned medium after the ®rst 24 hr in vitro. Note 1993).
that the number of immunostained processes50 mm was far more
abundant in bFGF-treated cultures.
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